The synchrotron radiation (SR) X-ray absorption fine-structure spectroscopy (XAFS) technology has been employed to obtained Zn K-edge absorption spectra for Cd 1−x Zn x Te alloy with x = 0.03, 0.10, 0.20, 0.30, 0.40, 0.50 and 1.00. Their Fourier transform spectra were analyzed, which have shown a bimodal distribution of bond lengths, suggesting distortion of the Te sub-lattice, so that the linear interpolation is true only in an approximate sense. Synthetic CdZnTe crystals can be used for the room temperature-based detection of gamma radiation. The radiation detection properties of CZT crystals vary widely. A common defect found in most high-quality CZT crystals is Te secondary phases, often located along grain boundaries. The secondary phases can be both large inclusions (>50 μm) and smaller precipitates (<50 μm). The Te secondary phases distributed throughout the crystal can cause changes to the detector leakage current, resulting in decreased radiation spectrometer performance. This set of Cd 1-x Zn x Te crystals were also measured by Raman scattering at room temperature. The two observed peaks at about 125 and 145 cm -1 which can be assigned to Te A 1 and E phonon mode, respectively. The induced damage on the crystal surfaces by Raman laser has been discussed. It is suggested that in the case of highly Zn doping CdZnTe crystals, the ZnTe bond were broken by laser exposing and then free Te atoms are migrating to these heated areas which cause Te precipitate. Further, the results of the soft X-ray measurements have been also presented and this part of the experimental data needs to do more penetrating analysis in the future.
INTRODUCTION
II-VI compound semiconductor Cd 1-x Zn x Te (CZT) is a material of paramount importance due to its excellent optoelectronic properties. It has been investigated for various industrial applications such as far-infrared and radiation detectors [1] [2] [3] , solar cells [4, 5] , photo refractive devices [6] , and so on. However, CZT crystals have faced to some problems for their uses in device fabrication due to its low defect formation energy and Zn segregation problem. The low defect formation energy causes the high defect density [1, 7] , and Zn segregation results in the local chemical inhomogeneity [1] . The defects and chemical inhomogeneity are responsible for the deterioration of the optoelectronic properties. Therefore, in the past decades, considerable efforts have been made to produce CZT crystals with high structural perfection. For example, Triboulet et al. and Li et al. reviewed various growth methods and post-growth treatment techniques for preparing CZT crystals [8] [9] [10] . Among them, the vertical Bridgman method is an excellent one to grow high-quality CZT because of its basic suitability and high efficiency [11, 12] . Various characterization techniques have been employed for the investigation of CZT materials, include infrared (IR) transmission imaging, synchrotron X-ray topography, photoluminescence spectroscopy, and Raman spectroscopy [13-18, 19, 20-23] . All of these methods have been used to test for quality to predict performance of the crystal as a gamma ray detector.
Large localized defects can cause degraded detector performance across the entire detector [13] . In high-quality detectors, small defects are less likely to cause a large loss in performance when a large area of the crystal is being used as the detector. However, when high-spatial-resolution gamma detection is desired even small defects cause a noticeable decrease in performance [14] [15] [16] [18] [19] . A common defect found in most high-quality CZT crystals is Te secondary phases, often located along grain boundaries [13, 16, 19, 24, 25] . The secondary phases can be both large inclusions (>50 μm) and smaller precipitates (<50 μm). Tellurium has a relatively small band gap, 0.33 eV, when compared with most CZT crystals, ~1.6 eV [13, 26] . The Te secondary phases (sometimes referred to as precipitates or inclusions) distributed throughout the crystal can cause changes to the detector leakage current, resulting in decreased radiation spectrometer performance [15, 16, 19, 27] . However, it is less clear how a large area of surface Te will affect the spectrometer performance.
Here, the local atomic structure and the phonon mode in Cd 1-x Zn x Te crystals with different composition have been studied by extended X-ray absorption structure (EXAFS) and Raman scattering, respectively. Further, Raman spectroscopy was also used to examine areas of Te secondary phases on the surfaces of the CZT crystals.
EXPERIMENTS
The Cd 1-x Zn x Te alloys were made at Massachusetts Institute of Technology. By reacting the 99.9999%-pure elemental constituents in evacuated and sealed quartz tubes. The sample x values of 0.005, 0.01, 0.03, 0.1, 0.2, 0.3, 0.4, 0.5, 0.9 and 1 were obtained from the mass densities. These precast alloys were regrown by directional solidification in a Bridgman-Stockbarger-type crystal-growth furnace. Regrowth occurred at the rate of 1.2 mm/h in the furnace adiabatic zone with a temperature gradient of about 15˚C/cm. The resulting boules were sliced perpendicular to the growth direction. The slices used for infrared and Raman measurements were annealed at 600˚C in a Cd-saturated atmosphere for about 5 d. Their surfaces were prepared by lapping, mechanical polishing, and etching in bromine-methanol solution.
We performed two times Raman measurements. The first time was performed in early time, were made in the nearbackscattering geometry on the samples held at 80 K. The exiting light came from an Ar + laser with a focused beam of diameter <0.3 mm. The scattered light was dispersed by a triple spectrometer and accumulated by an optical multichannel analyzer (OMA), which gave high sensitivity with resolution of ~2 cm -1 . The second time was measured at recently. The spectra were recorded by a Jobin-Yvon T64000 triple spectrometer at National Taiwan University, equipped with a liquid-nitrogen-cooled charged-coupled device (CCD) detector at room temperature in the backscattering geometry. A Si sample is used to calibrate the system. The excitation laser source with a wavelength of 532 nm at a power of 100 mW was used and the spectral resolution was less than 0.5 cm −1 . The spot size of the laser beam was first measured with a micrometer, which is around 1 μm, and the power across the light spot approximately forms a Gaussion distribution.
X-ray absorption fine-structure (XAFS) spectra were collected for the Cd 1-x Zn x Te samples at Zn K-edges in X-ray fluorescence yield mode at beamline 17C of the National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan. The photon energy for the XAFS covered the range between 9700 and 10700 eV. The intensity of the incident X-ray was monitored by a N 2 -filled ionization chamber and the fluorescence emitted from the sample was measured by an argon-filled Stern-Held-Lytle detector. A Si (111) double-crystal monochromater with a 0.5 mm entrance slit was used. A filter was inserted between the sample and the detector window to reduce the noise from scattering and to improve the spectrum quality. All measurements were made at room temperature and all X-ray absorption spectra were normalized to I 0 .
RESULT AND DISCUSSION

Extended X-ray absorption fine structure (EXAFS)
Extended X-ray absorption fine structure (EXAFS) was employed to study the local structure of Cd 1-x Zn x Te bulk materials for x=0.01 to x=1.00 at the Zn K-edge. The background contribution to the EXAFS spectra were removed using an algorithm (AUTOBK) developed by Newville et al. [28] , which minimizes R-space values in low k-space. Replicate EXAFS scans were co-added to improve the signal to noise ratio. Due to numerous diffraction peaks in the Zn-EXAFS spectra, the samples were spun to average out the diffraction peaks in the EXAFS spectra. All EXAFS spectra were collected to 1000 eV beyond the K-edges for Zn. All EXAFS data were analyzed for wave vectors (k) from 3 Å -1 to 13 Å -1 . The chi data were k 2 weighted as shown in Fig. 1 and Fourier transformed with a hanning window with dk = 0.5 Å -1 to yield R-space data. In Fig. 2 simulated EXAFS spectra were also generated, based on the documented crystallographic properties for Cd, Zn and Te using ab initio based theory, which involved FEFF 8.2, a program created by researchers at the University of Washington [29] [30] [31] [32] [33] . The overall amplitude parameters S 0 2 of all measured samples were set to 0.94 [17] . The EXAFS technique was employed to probe the local atomic structure on the Zn atoms for the Cd 1-x Zn x Te systems with x = 0.01, 0.03, 0.10, 0.20, 0.30, 0.40, 0.50 0.90 and 1.00 covering the whole x range. As the first result we observed that over the whole range of x-values the signal of the first (nn) shell in the Fourier transform of the absorption spectra (Fig. 2) does not change its character significantly with varying Zn content, while the higher-order neighbor peaks (above R ≈ 4 Å) are not so pronounced and are strongly smeared out for higher-x values. With the first neighbor peak being well defined in the Zn absorption, we have extracted the Zn-Te bond length from the Zn data which is listed in Table. 1. The concentration dependence of this bond length is shown in Fig. 3 . For comparison the data extracted from the K-edge study on Cd by V. Koteski [43] as well as from X-ray diffraction in accordance with the virtual crystal approximation (VCA model, Vegard's law) are given [44] (Solid line in Figure 3) . The results imply that the local atomic structure is distorted and Fig. 3 exhibits a bimodal structure, showing a tendency to retain the values of pure compounds than to the average distance measured by X-ray diffraction. 
Raman scattering
Micro-Raman imaging is an intensity contrast derived from a material's intrinsic vibrational spectroscopy signature, which is highly sensitive to the composition, structure of the material, and its local chemical environment. It is a nondestructive and noncontact technique, which needs little or no material preparation, hence making it widely applicable for material research. Here, Raman spectroscopy was used to analysis and understanding the nature of Te precipitates in Cd 1-x Zn x Te crystals.
Tellurium crystallizes with space group D 3 4 (or D 3 5 ) having three atoms per unit cell arranged helically about c axis. The symmetries of the optical phonons at the center of the Brillouin zone are one Raman active A 1 singlet, one infraredactive (extraordinary ray) A 2 singlet, and two Raman and infrared-active (ordinary ray) E doublets [40] .
Our Raman measurement was employed to measure Cd 1-x Zn x Te alloys at National Taiwan University under room temperature. As Fig. 4 shown clearly, the spectra are different from the first time we measured (not shown here) [34] . The additional peak around 121cm -1 and 141cm -1 can be attributed to the surface Te precipitates, and the TO mode of CdTe, respectively. The broad peak centered at ~160cm -1 in the Raman shift spectra can be considered as the longitudinal optical (LO) mode of CdTe and it is consistence with the result we measured at first time. The scattering cross section for the peak at ~121cm -1 has been observed as indeed greater than the one for CdTe Raman signals. Besides, owing to the Te precipitates, most 532nm laser was absorbed at the surface on the sample and was hard to penetrate into the under layer. Moreover, according to Ref. 45 , the penetrating depth of 532nm laser for CdTe and ZnTe were 0.02 m and 0.04 m, respectively. It is the reason that under 532nm laser excitation the signal of ZnTe is more obvious than CdTe in the Raman spectra, which can be seen clearly in Fig. 5 and 6 .. Samantha A. Hawkins et al. [40] have been reported the damage that occurs during characterization of the CdZnTe surface by a laser during Raman spectroscopy, even at minimal laser powers. Their Raman studies for CdZnTe crystal surfaces have shown that the localized surface heating from tightly focused, low-powered lasers results in areas of higher Te concentration on the CdZnTe surface [40] . This type of laser damage on the surface resulted in decreased detector performance which was most likely due to increased leakage current caused by areas of higher Te concentration. Here, Raman spectroscopy was used to characterize the extent of damage to the different composition of Cd 1-x Zn x Te crystal surface (with x=0.10, 0.30, 0.50, 0.90 and 1.00) following exposure to laser at room temperature. Fig. 5 shows the Raman spectra recorded at different laser exposure time on Cd 1-x Zn x Te with x= 0.90. The spectra show a range from initial exposure to 3600 s of laser exposure and the laser power used was 0.050 mW. Owing to the high doping concentration of Zn, the peak at about 210cm -1 attributed to the LO phonon mode of ZnTe can be observed clearly. As Fig. 5 shown, in the beginning of exposure to the laser, there is only ZnTe peak can be seen in the Raman shift spectra. Subsequently the growth of the Te A 1 phonon mode appears at 132 cm -1 which shows a little blue shift with respect to the result we described above. For a longer exposure time to the laser, a weak peak which can be assigned to the Te E phonon mode becomes more intense in the Raman spectra. A similar result can be obtained in Fig. 6 on ZnTe crystal surface. It is worth noting that with increasing of the exposure time the intensity of the Te phonon mode grows up and the decrease of the ZnTe phonon mode can be seen clearly in Fig. 6(b) . As a result, this observation might be suggest that the ZnTe bonding was broken due to the highly focused laser which causes a localized surface heating effect and the free Te atoms migrate to the heated areas. Lucile C. Teague et al. [42] had been used AFM and Raman to study the localized surface damage in the areas exposed to the Raman laser beam on Cd 1-x Zn x Te crystal surface with x=0.10. They found that (1) localized surface heating causes Cd material to be evaporated from the surface, which in some cases causes voids in the surface, and (2) free Te atoms are migrating to these heated areas. Here, in the case of highly Zn doping CdZnTe crystals, we suggest that the ZnTe bond were broken by laser exposing and then free Te atoms are migrating to these heated areas which cause Te precipitate. (b) ZnTe
Tender X-ray absorption
Fig . 7~11 show the tender X-ray absorption measurements on Cd and Te L-edge, respectively. These experiments were operated in X-ray fluorescence yield mode at beamline 16A of the National Synchrotron Radiation Research Center (NSRRC) in Hsinchu, Taiwan. Owing to the lack of the reference, this part of experimental data needs to do penetrating analysis in the future. Here, we just list the results of measurements. 
CONCLUSION
The alloy Cd 1-x Zn x Te can ideally be regarded as a CdTe crystal with Zn atoms randomly substituted for a fraction x of the Cd atoms. The difference in the lattice constants of CdTe and ZnTe implies that this substitution is accompanied by some change in the average unit cell dimension. It is usually assumed that the resulting lattice constant is a linear interpolation between the two constituents, but EXAFS measurements have shown a bimodal distribution of bond lengths, suggesting distortion of the Te sub-lattice, so that the linear interpolation is true only in an approximate sense.
Low-temperature Raman scattering had been employed to study anomalous character of the phonon mode in Cd 1-
x Zn x Te crystals several years ago. The vibrational modes of Cd 1-x Zn x Te, as observed by infrared or Raman scattering measurements, are not a simple interpolation between those of its constituents. Rather than a single TO and a single LO mode, two of each type of mode are observed, one being termed "CdTe-like" and the other, "ZnTe-like." This behavior is typical for ternary semiconductor compounds, but Cd 1-x Zn x Te has the unique property that the frequencies of both TO modes increase with x. In all similar alloys one TO frequency increases while the other decreases with x. Cd 1-x Zn x Te crystals have been measured again by Raman scattering at room temperature. It is strange that the Raman signals are different from the last measurement at low temperature, especially two observed peaks at about 125 and 145 cm -1 which can be assigned to Te A 1 and E phonon mode, respectively. The induced damage on the crystal surfaces by Raman laser has been confirmed. Two peaks in the Raman shift spectra both grow with increased laser exposure and it is likely that the growth of both peaks is due to Te secondary phase enrichment on the surface. This may be the reason that we observed different Raman signals at different time's measurements.
